Participants' eye-movements were monitored while they searched for a target among a varying number of distractors either with or without a concurrent memory load. Consistent with previous findings, adding a memory load slowed response times without affecting search slopes; a finding normally taken to imply that memory load affects pre-and/or post-search processes but not the search process itself. However, when overall response times were decomposed using eye-movement data into pre-search (e.g., initial encoding), search, and post-search (e.g., response selection) phases, analysis revealed that adding a memory load affected all phases, including the search phase. In addition, we report that fixations selected under load were more likely to be distant from search items, and more likely to be close to previously inspected locations. Thus, memory load affects the search process without affecting search slopes. These results challenge standard interpretations of search slopes and main effects in visual search.
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Introduction
Theories of visual search are often based on the interpretation of the slope of the function relating response times to the number of items in the search display (e.g. Treisman & Gelade, 1980; Duncan & Humphreys, 1989; Wolfe, 1994 Wolfe, , 1998 . The search slope is typically assumed to reflect search efficiency (see Wolfe, 1998) and thus the key characteristics of the search process. In contrast, the intercept of the search function is typically ignored and/or assumed to reflect processes that occur either before (e.g., perceptual processing and encoding) or after (e.g., target identification and response selection) the search process (Woodman, Vogel, & Luck, 2001) . It follows from these assumptions that any effect on the search process will be reflected in a change in the search slope. Conversely, if a factor does not influence the search slope, it is often concluded that the factor does not influence the search process. Here we explore this interpretation of search slopes by monitoring both reaction times and eye-movements while participants complete a search task either with or without a concurrent memory load (see Woodman et al., 2001) . We show that, although the memory load does not affect the overall slope of the response time search function as in previous studies, the search process is nevertheless different under load than under no load. In particular, it appears that memory load impairs the component of the search process governing overt exploratory sampling patterns. While eye-movements do not provide a complete picture of the cognitive and perceptual processes involved search, they do provide a direct measure of overt sampling, and consequently a direct measure of what information is made available to upstream processes. Consequently, the differences we report in sampling behavior during search under load suggest that, contrary to common assumptions, search slopes might not be the sole, or even an appropriate, measure of the underlying search process.
It is well-known that visual search is slowed when observers are required to concurrently hold items in memory compared to when the memory load is absent (Oh & Kim, 2004; Woodman & Luck, 2004; Woodman et al., 2001) . In some cases, depending on the memory task and the nature of the search stimuli, adding a memory load can influence the slope of the search function (i.e., search efficiency; Oh & Kim, 2004; Woodman & Luck, 2004) . Surprisingly, in other cases, although adding a memory load during search leads to an overall slowing in response times, it does not influence the slope of the search function (Woodman et al., 2001 ). This latter result becomes theoretically interesting because it is taken to mean that the memory load did not influence the search process, which is commonly thought to require resources from working memory (e.g. for item identification and processing; Bundesen, 1990; Duncan & Humphreys, 1989) . Hence, it has been speculated that the additional cost in response times under load results from delays in processes occurring either prior to (e.g. residual encoding processes) or following (e.g. response generation processes/recall-task preparation) the search itself.
In the present study, we sought explicitly to evaluate the possibility that even in the case where memory load slows overall response times but not search slope, the search process might nevertheless be affected. We used the non-spatial memory load first examined by Woodman et al. (2001) because this type of load exhibited no measurable impact on search slopes and had a much larger intercept difference than that observed for the spatial load.
Critically, to evaluate the underlying search process in more detail, we measured response time and accuracy as was done by Woodman et al. (2001) but also included measures of participants' eye-movements. By monitoring eye-movements we were able to separate performance in a given trial into three distinct phases (see Reynolds, Eastwood, Partanen, Frischen, & Smilek, 2009) : (1) The time between the onset of the trial and the first saccade (i.e., latency of the first saccade), (2) the time in between the first saccade and the closest fixation to the target, and (3) the time between the closest fixation to the target and the end of the trial as signaled by a button press. This allowed us to separate overall response times into three components including: (1) pre-search (e.g., initial encoding), (2) the search process itself, and (3) post-search (e.g., response selection).
1 By decomposing overall reaction time in this way, it was possible to evaluate whether adding a memory load had a direct impact on the search process or whether it affected processing before and after the search process. Additionally, eyemovement behavior during search itself was evaluated to determine if the memory load produced measurable behavioral consequences during search. To this end, we assessed the number of fixations, the average duration of fixations, the average amplitude of saccades, and the spatial distribution of the fixations during the search phase. Eye-tracking data is of course not fundamentally different from any other behavior measure, in the sense that it cannot provide conclusive or authoritative answers about the underlying cognitive processes. However, eye-tracking data does provide information about task performance that is not available from response times alone. If these more detailed analyses reveal that the non-spatial memory load affects the search process even though overall search slopes remain unaffected, this would suggest that previous assumptions about the meaning of search slopes might be incomplete or even incorrect.
Methods

Participants
Eighteen undergraduate students from the University of Waterloo participated in these experiments for course credit (12 female, 6 male). All participants reported normal or corrected-to-normal visual acuity, and normal color vision.
Stimuli
All stimuli were presented on a 24 00 Dell 2407WFP monitor at a resolution of 1920 by 1200, with participants seated approximately 80 cm from the screen. Stimuli were presented on a grey background, with a continuously visible central fixation cross (0.6°). The memory array consisted of four colored squares (0.77°Â 0.77°) centered 1.9°from fixation, one above, one below, one to the left, and one to the right (see Fig. 1A ). The colors of the squares were selected randomly without replacement from the set of seven colors used in Woodman et al. (2001) .
Search displays consisted of 4, 8 or 12 items, similar to those used by Woodman et al. (2001) , consisting of 1.62°Â 1.62°white outlined squares (line width 0.25°) with a 0.42°gap on one of the sides (see Fig. 1B ). Non-targets had gaps on either the left or the right side of the item. Targets had gaps on either the top or the bottom of the item. Items were displayed at random locations on the screen with a minimum center-to-center distance of 2.16°, and excluding a central region with a radius of 4.1°.
Procedure
The experiment consisted of three blocks: memory alone, search alone, and a dual task block, the orders of which were fully counterbalanced. The eye-tracker was calibrated at the beginning of each block. For memory alone trials, participants viewed a 500 ms blank period, followed by a 500 ms presentation of the sample memory array, then a 4000 ms retention interval. The memory test was presented for 2000 ms, and participants were instructed to specify whether the test array was the same or different from the sample array by responding using the left or right trigger button on a gamepad. This response was not timed. A blank period of 1000 ms was placed between each trial.
For search alone trials, participants viewed a central fixation for 500 ms, followed by presentation of the search array. They were instructed to locate the single item having either an upward or downward facing gap, and to identify the unique item by responding using the left and right trigger buttons on a gamepad. The search array terminated on participant response, or after 4000 ms, followed by a 1000 ms blank period prior to the next trial. Trials that timed out after 4000 ms were coded as errors. Feedback was not provided.
The dual task blocks combined the above procedures. Participants viewed a 500 ms blank period, followed by a 500 ms presentation of the sample memory array, an additional blank period of 500 ms, and then presentation of the search array. A 500 ms blank period followed termination of the search display, either by participant response or 4000 ms timeout, followed by presentation of the test memory array for 2000 ms. Memory response was again not timed, and a blank period of 1000 ms separated response from the onset of the subsequent trial.
Each block consisted of 12 practice trials, followed by 72 experimental trials. Set sizes and target orientations were randomized for search arrays in the search alone and dual task conditions. Display configurations were generated offline using a command line tool written by the authors in C. The experiment was created using Experiment Builder (SR Research, version 1.4.36), and run on a Dell Precision 390, with a 1.86 GHz Intel Core 2 processor. Reaction time and accuracy measures were collected for the search performance, and accuracy alone for memory performance. Participants' eye-movements were recorded using an EyeLink 1000 (SR Research), with participants' heads stabilized by a padded chin-rest and forehead band. Saccade detection was carried out online with SR Research's proprietary algorithms, using a velocity threshold of 30°/s, an acceleration threshold of 8000°/s 2 , and a motion threshold of 0.15°.
Results and discussion
Search response times
Search response times (RTs) are plotted in Fig. 2 . As anticipated, response times both with and without load increased linearly with set size at equal rates, with a slope of 75 ms per item for search alone, and a slope of 78 ms per item when searching under load. Additionally, search under load was found to be considerably slower than search alone, with an intercept difference of 410 ms (1184 ms under load; 774 ms without load). An analysis of variance (ANOVA) with set size and load condition as factors was conducted on RTs, confirming strong effects of both load and set size (both Fs > 25, ps < 0.001), and no interaction (F < 1).
Search errors
Error scores for the search task were as follows. For search without load, participants made 4.5% errors at set size 4, 2.2% errors at set size 8, and 6.1% errors at set size 12. For search under load, participants made 4.4%, 3.0%, and 7.3% errors for set sizes 4, 8 and 12, respectively. An analysis of variance (ANOVA) with set size and load condition as factors showed an effect of set size: F(2, 34) = 6.87, MSE = 0.002, p < 0.005, but no effect of load and no interaction (Fs < 1).
Memory errors
On average, participants made 7.9% errors on single-task trials (memory load only) and 21.3%, 22.2% and 22.4% errors on dual-task trials for set sizes 4, 8, and 12, respectively. A within-subjects contrast between errors for memory alone and errors in the dual-task condition across set sizes confirmed that significantly more errors were made in the dual-task condition: F(1, 17) = 56.26, MSE = 0.006, p < 0.001. Within the dual-task condition however, a one-way ANOVA with set size as a factor yielded no effect of set size (F < 1).
Response time decomposition
The above results are in agreement with those reported by Woodman et al. (2001) , and support the assertion that maintaining a non-spatial visual working memory load during search does not impact overall search efficiency, but does produce considerable impairment on both tasks. To indentify the source of this impairment, we used the eye-movement data to partition RTs into three non-overlapping components: (1) the latency of the first saccade following onset of the search display, indicative of the time taken to initiate the search process; (2) the time between initiation of the first saccade and the onset of the closest fixation to the target, indicative of the search process itself; and (3) the time between the onset of the closest fixation to the target and the manual response, indicative of post-search processes (e.g. response selection). These three components are plotted across set size for search with and without load in Fig. 3 . A two-way ANOVA with set size and load condition as factors was conducted on each of the phases.
We begin by discussing the pre-search times (i.e., search latencies), which are shown on the left side of Fig. 3 . The ANOVA showed a large effect of load: F(1, 17) = 19.1, MSE = 19,201, p < 0.001, but no effect of set size and no interaction (Fs < 1.7, ps > .19). On average, participants took 117 ms longer to initiate the first saccade during search under load than during search alone. This increased latency to the first saccade under load may be reflective of encoding processes, such that the time required to fully encode the memory sample overlaps with the onset of the search display. Alternatively, this time may reflect a task switching cost for moving from a memorization mode to a searching mode.
We next discuss the post-search times, which are shown on the right side of Fig. 3 . The ANOVA showed that during trials under load participants took significantly longer to make a response once the target had been fixated: F(1, 17) = 20.4, MSE = 22,439, p < 0.001, accounting for an additional 130 ms of the overall RT intercept difference. Post-search times both under load and during search alone were unaffected by set size (Fs < 1). There are two ready alternatives that might account for the main effect of load. First, the memory load may interfere directly with target identification processes delaying the onset of response generation. Alternatively it is possible that, being familiar with the task sequence, Fig. 2 . Response times (ms) for search in the load and no-load conditions. Error bars depict one standard error of the mean. participants begin preparing for the memory test as soon as the target has been identified, which could potentially slow response generation. To resolve these alternatives, we measured the number of fixations after the closest fixation to the target and prior to response. We reasoned that if target identification is slowed, then after fixating the target participants might continue to inspect new locations until the identification processes successfully resolves the target. Alternatively, if the additional time results from a slowing of response generation, participants are likely to simply maintain the fixation on target for longer, as opposed to moving onto continue the search. An ANOVA indicated that participants did make slightly more fixations following the target during search under load than during search alone: F(1, 17) = 6.40, MSE = .204, p < 0.05, supporting the first alternative, that target identification is responsible for the slowing. For search alone, participants made an average of 0.41, 0.53, and 0.53 fixations following the target for set sizes 4, 8, and 12, respectively. For search under load, participants made an average of 0.71, 0.72, and 0.70 fixations following the target for set sizes 4, 8, and 12, respectively. The difference across load constitutes only an average of 0.2 fixations then, and therefore likely does not account for the entirety of the observed effect. It is probable that both alternatives are involved, such that target identification is impeded by memory load, and that once the target has been identified, it may take longer to generate a response.
Most important for present purposes, however, are the search times, which are shown in the middle of Fig. 3 . Strikingly, we found that even during the search times, which index time during the search process, there is still a main effect of memory load. An AN-OVA yielded an effect of set size: F(2, 34) = 224.2, MSE = 14,649, p < 0.001, and an effect of load: F(1, 17) = 10.1, MSE = 92,666, p < 0.01 (a 349-ms intercept under load and a 233-ms intercept without load), but no interaction (F < 1). These results suggest that the memory load affects the search process even though it does not lead to measurable differences in search slopes. Moreover, the effect of load found cannot so readily be attributed to presumed initial encoding or later response selection processes.
Search characteristics
The above partitioning of response times indicates that the observed effects of non-spatial load on search performance arise from several different factors: an increased latency to the first saccade, an increased search time, and an increased post-search time. None of these factors interact with set size. Although the fixed effects preceding and following the search process had been suggested as possible reasons for the intercept difference, these factors are able to account for only 247 ms of the observed 410-ms intercept difference. The remaining difference occurs during the search process itself, and should therefore reflect the impact of a non-spatial memory load on attentional deployment during search. Since this effect does not interact with set size, it cannot be attributed to impairment in the processing of individual items, but instead must reflect a more general change in behavior. One possible explanation relates to the selection of individual fixations. Actual fixations selected during search rarely correspond to the abstracted ideal of independent serial sampling of individual items. For instance, participants often select fixations near clusters of items as opposed to directly fixating individual items (Zelinsky, Rao, Hayhoe, & Ballard, 1997) -perhaps to optimize the number of discrete eye-movements necessary to obtain sufficient information about all of the items. It is possible that, under conditions of memory load, differences in response times reflect different strategies of fixation selection. In particular, given that search under memory load takes longer than search alone, we propose that the fixations selected during search under memory load are less effective than those selected during search alone for the purpose of accumulating information about the items in the display.
To test this hypothesis, we employed several measures of eyemovement behavior during the search component of the trial. First, we analyzed three simple gross measures of eye-movements: the number of fixations required to reach the target, the average duration of fixations during search, and the average saccade amplitude during search. A load condition (load, no load) by set size (4, 8, 12) ANOVA was conducted on the number of fixations during search (Fig. 4, panel A) , on the average duration of search fixations, and on the average saccade amplitude (Fig. 4, panel B) . Participants made more fixations during search under load, F(1, 17) = 6.69, MSE = 1.37, p < 0.05, as well as shorter saccades, F(1, 17) = 9.71, MSE = 1.39, p < 0.01. Across set sizes, participants made an average of 0.6 more fixations under load than during search alone, with saccades under load an average of 0.7 degrees of visual angle smaller than those during search alone. Average fixation durations did not differ across load (F < 1). These results indicate that the principal source of the main effect in search times results from participants requiring more fixations during search.
Having determined that the difference in search times between search alone and search under load is associated with an increase in the number of fixations, we now examine possible reasons for this increase. We first evaluate the quality of the fixations selected, in terms of their locations relative to the search items in the display, with the prediction that search under load should be associated with selection of poorer, or less useful fixation locations. Second, we examine the possibility that search under load is associated with a higher number of refixations.
To more explicitly test the notion that participants under load are making poorer fixation selections during search, we evaluated the exact fixation locations relative to the positions of search items on each trial. In particular, across all search fixations we determined the likelihood that at least one item would be found within a given distance from a fixation. The results based on this measure are plotted in Fig. 5 , for search under load and search alone, across set size, and across distances from 2 to 9 degrees of visual angle. The results were tested with a load condition (load, no load) by set size (4, 8, 12) by Distance (2°, 3°, 4°, 5°, 6°, 7°, 8°, 9°) ANOVA. Predictably, the likelihood that at least one item would be found within a given distance of a fixation increased as the distance being considered increased, F(7, 119) = 136.3, MSE = 0.004, p < 0.001, reaching ceiling at unity for large distances and set sizes. Also to be expected, this likelihood increased with increasing set size, F(2, 34) = 14.67, MSE = 0.005, p < 0.001, and the interaction between Distance and set size was significant, F(14, 238) = 3.15, MSE = 0.000, p < 0.001. These effects are a natural consequence of the relation between density and set size. More importantly, we found a marginal effect of load, F(1, 17) = 3.31, MSE = 0.016, p = 0.086, whereby items were overall less likely to be found within a given distance from fixations made during search under load. This effect was attenuated as values converged on unity from large Distances, as supported by a significant load by distance interaction, F(7, 119) = 2.10, MSE = 0.002, p < 0.05. No other effects reached significance (largest F = 1.14, ps > .3). Although modest, these results indicate that participants are selecting fixations in a measurably different way when searching under load. In particular, they are selecting fixations landing farther away from the search items, a strategy which is clearly suboptimal for search.
We next examine the rate of refixation across load. For this measure, we took each unique pair of fixations during the search portion of a trial, and computed the distance between them. We then determined the proportion of pairs that were Close (less than 2 DVA) or Far (2-4 DVA), such that Close pairs reflect revisitations of previously inspected locations, and Far pairs provide a comparison case. In Fig. 6 we plot the proportion of fixation pairs located either Close or Far from one another, during search under load Fig. 5 . Per fixation likelihood that at least one search item will be found within a given distance from that fixation during search under load and no load conditions, plotted separately for each set size. Error bars depict one standard error of the mean. and search alone, across the three set sizes. This measure was tested with a load condition (load, no load) by set size (4, 8, 12) ANOVA for the proportion of Close and Far fixation pairs. For Close pairs, representing refixations, all effects reached significance. Predictably, since larger set sizes entail larger areas of the display containing useful information (i.e. items), refixations were less likely as set size increased, F(2, 34) = 93.12, MSE = 0.001, p < 0.001. More importantly, refixations were significantly more likely during search under load than during search alone, F(1, 17) = 11.01, MSE = 0.001, p < 0.005. The effect of load also varied with set size, with the largest difference occurring at the smallest set size, F(2, 34) = 4.54, MSE = 0.001, p < 0.05. In the comparison case (Far pairs), testing an equivalent range of distances just outside of the Close range, only the effect of set size was significant, F(2, 34) = 9.09, MSE = 0.001, p < 0.005, again reflecting the general information characteristics of the display. However, as expected, neither the effect of load nor the interaction approached significance (Fs < 1, ps > .5). In other words, load effects were observed selectively for the likelihood of proximal fixation pairs (refixations).
General discussion
As in previous studies, adding a non-spatial memory load while participants completed a search task increased overall RTs but did not affect search slopes. The accepted interpretation of such data is that memory load does not affect the search process but rather processes before or after it. Yet, when we decompose overall search times using eye tracking data into pre-search times, actual search times, and post-search times, we found that memory load leads to slowing at each of these components of the trial. Critically, the data presented here indicates that even when search response times are truncated to discount processes before and after search, the bulk of the main effect is preserved.
In addition to demonstrating that the time taken to complete the search process itself is influenced by memory load, our more detailed analyses of the eye-movement data indicate that this increase in search time reflects a change in the selection of fixations. Not only did participants under load select less spatially optimal fixations, in the sense that they were less likely to be close to search items, but they were also more likely to revisit previously inspected locations in the display. Both findings suggest a substantial impairment to fixation selection processes when searching under load. Furthermore, these measures of fixation selection were significantly affected by set size. In particular, we note that differences across load were especially acute when only a small number of items were in the display. This effect can be readily understood by considering the inherent correspondence between set size and information density. For large set sizes, although fixation selection may still be suboptimal under load when compared to selections during search alone, the consequences of these poor selections are less severe, as the useful information in the display is distributed relatively homogeneously. In contrast, at low set sizes the distribution of information in the display is comparatively heterogeneous. Consequently, while the memory load may be equally disruptive of fixation selection processes across set sizes, the relative ubiquity of information in high set size displays seems to absorb much of this impairment.
These results also support a more general conclusion about the interpretation of search slopes and overall slowing in studies of search. Typically, search slopes are assumed to reflect the search process while main effects are assumed to reflect processes peripheral to actual search (e.g., initial encoding & response selection). We should add that because of these assumptions, in many cases, the main effects are simply ignored. Based on the present findings, however, we suggest that these assumptions might need to be reconsidered.
Given these conclusions, it is necessary to evaluate carefully the criteria used for the partitioning presented here, as these criteria were of necessity based upon behavioral measures, which are at best approximations of the underlying cognitive processes. We defined the search process as the time between initiation of the first saccade during a trial, and onset of the fixation landing closest to the target on each trial. The critical result from our partitioning was to show that a large component of the main effect in this task occurs during the search processes itself. Consequently, we must be sure that the criteria we have used are sufficiently strict to support this claim. With respect to first saccade latency, it is likely that a certain amount of search-related processing will have occurred prior to initiation of this first saccade. At minimum, a target location for the saccade must have been selected, and this presumably entails some amount of task-related visual inspection of the display. This criterion then, although imperfect, errs on the side of being overly strict, discounting some amount of the true search process from the reported search time and reducing the likelihood of pre-search processes being inadvertently included in the reported search times. At the other end of the trial, our search time termination criterion was the onset of the fixation landing closest to the target item. This criterion is more contentious, as it is not unreasonable to speculate that the participant may in some cases detect the target (or believe it is likely that they have detected the target), and subsequently fixate closer to the target to confirm its identity. In these cases, search has effectively terminated prior to the closest fixation, with the latter eye-movement responsible only for confirmation. It is not clear however, that this should always be the case, and there may even be instances where the target is not identified on the closest fixation, but on some later fixation. Selection of a suitable termination criterion is therefore not a straightforward matter, and we have opted here for a criterion that is simple to measure, describe, and understand. However, to justify the conclusions we have drawn using this criterion, we also computed search times using the fixation preceding the closest fixation (1-back), the fixation preceding that fixation (2-back), and the fixation preceding that fixation (3-back). In each of these cases, the main effect of load was preserved (1-back: 181.5 ms, 2-back: 162.9 ms, 3-back: 149.6 ms; all Fs > 12, ps < 0.005). Thus, while we cannot claim that the criteria used to isolate the search process in this paper are perfect, we can say that our conclusions hold even as these criteria are made increasingly conservative.
These results add to the growing literature on the general role of memory in visual search (e.g. Chun & Jiang, 1998; Gilchrist & Harvey, 2000; Horowitz & Wolfe, 1998 , 2003 Kristjánsson, 2000; Kunar, Flusberg, & Wolfe, 2008; Peterson, Beck, & Vomela, 2007; Peterson, Kramer, Wang, Irwin, & McCarley, 2001; Shore & Klein, 2000; Solman & Smilek, 2010; Wolfe, Klempen, & Dahlen, 2000) . We have shown that when memory-related resources are otherwise engaged, the process of search can be compromised at the level of exploratory sampling (i.e. eye-movements), without affecting search slopes. This distinction highlights the need to consider both sides of the interplay between cognition and exploration; the information obtained through sampling constrains cognitive processing, which in turn guides and constrains subsequent sampling behavior (i.e. Neisser's perceptual cycle; Neisser, 1976) . A consideration of either component in isolation may consequently lead to incomplete or misleading interpretations of experimental results.
